Atomistic molecular dynamics (MD) simulations
All-atom, explicit-solvent MD simulations were carried out on the dark-state structure of monomeric rhodopsin (PDB code 1U19 (1) immersed in fluid lipid bilayers composed of diC 14:1 PC, diC 16 :1 PC, diC 18:1 PC, diC 20:1 PC or a 7:7:6 SDPC/POPC/Chol mixture. We also use the approach presented here in simulations described elsewhere(2) of the 5-HT 2A serotonin receptor (5-HT 2A R) monomer in complex with the full agonist 5-HT, the partial agonist LSD and the inverse agonist ketanserin (KET), immersed in the same SDPC/POPC/Chol bilayer.
In all the simulations the protein/lipid molar ratio was ~ 1:350, which is in the range of molar ratios used in FRET experiments investigating the oligomerization of rhodopsin in the same mono-unsaturated PC lipids (3) . Our choice of protein concentration also insured that the resulting lipid bilayer patches were large enough to allow the membrane perturbations at the membrane/protein interface to dissipate within the MD box.
All MD simulations were performed with the NAnoscale Molecular Dynamics (NAMD) suite (4) , under constant temperature (at 303 K for simulations with mono-unsaturated lipids, and at 310K for simulations with SDPC/POPC/Chol membrane) and pressure (1 atm) conditions with semi-isotropic pressure coupling, and PME for long-range electrostatics (5) . The NoseHoover Langevin piston method (4, 6, 7) was used to control the target pressure with the LangevinPistonPeriod set to 100 fs and LangevinPistonDecay set to 50 fs. The simulations were performed with rigidBonds allowing 2 fs time step. The CHARMM27 force field (8-10) was used for both proteins and lipids. The 5-HT 2A R is a homology model based on rhodopsin and β 2 AR as templates and its loops were built using the ab inito method MC-SCV (11) .
All the simulated systems were equilibrated following the procedure described in (12) (also see Figs. S1 and S2). In this protocol, the GPCR backbones and the heavy atoms of the ligand were initially fixed and then harmonically constrained, and water was prevented from penetrating the protein-lipid interface. Constraints were released gradually in four 300 ps steps with decreasing force constants of 1, 0.5, 0.1 and 0.01 kcal/(mol·Å 2 ), respectively. Following this equilibration phase, each GPCR-membrane complex was simulated for extended period of time. In particular, simulations of rhodospin were carried out for ~250 ns in each membrane model, whereas 5-HT 2A R simulations in complex with ligands 5-HT, LSD and KET each were conducted for ~350 ns. These timescales were long enough to sample efficiently the ligandinduced conformational changes in the 5-HT 2A R and concomitant membrane remodeling.
The trajectories were analyzed by: 1) centering each snapshot for the last 100 ns with respect to the center of mass of the protein; 2) fitting a rectangular grid to the positions of the phosphate and C 2 atoms in the two leaflets; and 3) calculating the time-averaged phosphatephosphate and C 2 -C 2 bilayer thickness on the rectangular grid (grid spacing 2 Å), which is then converted to a deformation profile using Eq. 1 in the main text. The MD deformation profile, such as in Fig. 1A , is then smoothed by spatial averaging. For the purpose of defining the membrane boundary near the protein, a grid square was considered populated by lipid if during the trajectory it was visited by the phosphate atoms in both leaflets.
Parametrization of the continuum model
For the continuum (CT) formulation, the following inputs were obtained from the cognate MD trajectories: the protein/lipid boundary contour in  , the membrane thickness u 0 at this boundary, the outer boundary contour out  of the MD box, and the average membrane thickness d 0 at out  .
These inputs were obtained from the MD phosphate-phosphate deformation profile (e.g., Fig. 1 for rhodopsin in diC 14:1 PC).
The CT formulation requires several empirical parameters that were estimated from experimental measurements described in the literature. In particular, the spontaneous curvature C 0 for the diC 14:1 PC, diC 16 , based on the relation (13, 14) The compressibility modulus K a was taken to be 230 mN/m for all the membranes (17); for the bending modulus K c of diC 18:1 PC we used 0.9×10 -19 J (22 k B T) (17) . This value then was used to infer the K c for the other monounsaturated PC membranes using the relation J for the SDPC/POPC/Chol membranes, because of the polyunsaturated docosahexaenoyl chain in SDPC lipid. We did not consider any additional effect of cholesterol on K a or K c of the SDPC/POPC/cholesterol membranes. Cholesterol has been shown to have only small effects on the elastic parameters of bilayers with unsaturated acyl chains (19) and, given the high unsaturation of SDPC, can be expected to not substantially affect the K a or K c of these mixtures. The surface tension α was taken to be 3×10 -3 N/ Å (20, 21) .
Solution of the Euler-Lagrange equation (Eq. 4)
To solve the boundary value problem in Eq. 4 without introducing the simplifying assumption of radial symmetry, we converted the fourth order differential in u(x,y) to a couple of simultaneous second order equations in u and v (22-24):
This set of equations was solved numerically for u(x,y) on a rectangular grid using a standard finite difference scheme for Poisson equations. Specifically, Eq. S2 was discretized using the central 5-point approximation of the Laplacian operator (25), and the system was then solved using the iterative Gauss-Siedel algorithm, which in our case typically takes 125-150 iterations to converge. 
where θ is the polar angle corresponding to the coordinates (x,y), and a n and b n are the Fourier coefficients. Then, for any given {a n , b n }, Eq. S2 gives the membrane deformation profile, and Eq. 2 the corresponding G def . We solved the non-linear optimization problem with the objective function G def =f{a n , b n } using the BFGS optimization algorithm (26) , which is a global, quasiNewtonian optimization procedure. Every optimization calculation is performed in three replicates, starting with a random seed. used here is the asymmetric generalization of the socalled natural boundary condition (27) . Other choices, e.g. using the slope rather than the curvature at the protein/bilayer boundary, can also be implemented.
The usual assumption of radial symmetry leads to an underestimation of the membrane deformation energy. For rhodopsin in diC 14:1 PC, we calculated the membrane deformation energy using the CTMD formalism presented here for asymmetric proteins, but setting the membrane deformation at all points on the protein-membrane boundary uniformly to the value of the average membrane deformation near the protein, and compared to the value obtained using the 1D CTMD algorithm used in (15) , which can be applied in the radially symmetric case. These calculations, predicated on the assumption of radial symmetry, yielded ~1.9 kT (the 1D CTMD has ~0.5 kT uncertainty due to choosing a single diameter to represent the irregular protein-membrane boundary), which should be contrasted with the 4.7 kT obtained when not making the assumption of radial symmetry.
Calculation of the Energy Penalty due to Residual Exposure at the ith TM segment (ΔG res,i )
The energy penaltyΔG res,i penalizes hydrophilic residues of the protein exposed to the hydrophobic core of the lipid environment as well as hydrophobic residues of the protein exposed to polar environment. It is calculated according to Eq. 3 in the main text. Here we describe the procedure to calculate the residual exposure in more detail.
To obtain the residual exposure SA res,i at the i If the hydrophobic length L i of the TM segment along the Z-axis exceeds that of the surrounding membrane (L i >L m,i ), the hydrophobic residues of the protein exposed to polar environment are identified directly. Therefore, for these residues, we need to calculate the surface area that is not facing the hydrophobic core of the lipid membrane or the protein, but is instead exposed to polar environment. Therefore, SA res,i is calculated as the total SASA (SASA obtained with the standard algorithm of Lee & Richards (29) implemented in the software NACCESS, http://www.bioinf.manchester.ac.uk/naccess/) of these residues with the solute being the entire protein and hydrophobic part of the bilayer. For convenience, we will refer to this as: SASA {solute=protein+hydrophobic part of the membrane} If L i <L m,i , the hydrophilic residues of the protein exposed to hydrophobic environment are identified, and SA res,i for this TM segment is obtained as SASA {solute=protein} -SASA {solute=protein+hydrophobic part of the membrane}. In this case, we subtract the term SASA {solute=protein+hydrophobic part of the membrane} to eliminate partial exposure of these hydrophilic residues to the polar part of the bilayer. The computed SA res,i is then used to obtain the residual exposure energy according to Eq. 3.
For these calculations, interfacial lysine and arginine residues were considered not to contribute to the hydrophobic mismatch due to the expected snorkeling effect (30) . Interfacial tryptophan was also not considered to add to hydrophobic mismatch penalty. Although tryptophan may be classified as a hydrophobic residue, it favors interfacial location (31) . In addition, serine and threonine residue are polar residues, but when they reside within the hydrophobic part of the membrane, their polar parts can form H-bonds with the helix backbone (32) . Therefore, serine and threonine were also ignored for the residual exposure calculations. FIGURE S4 Angular segments (red points) used to associate membrane grid points (black dots) with each TM segment for calculating the membrane thickness near that helix, illustrated for rhodopsin in diC 14:1 PC membrane. For completeness, the average structure of the receptor (cartoon) is also shown to illustrate the approximate positions and orientations of each TM segment (numbered and colored). For these calculations, the grid points in each segment were selected to be within 12 Å distance from the C α atoms of the TM segment and within the angular region encompassing the span of the TM segment.
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FIGURE S5 Angular segments (red points) used to associate membrane grid points (points in blue) with each TM segment for calculating the membrane thickness near that helix, illustrated for 5HT-bound 5-HT 2A R in 7:7:6 SDPC/POPC/Cholesterol membrane. For completeness, the average structure of the receptor (cartoon) is also shown to illustrate the approximate positions and orientations of each TM segment (numbered and colored). For these calculations, the grid points in each segment were selected to be within 12 Å distance from the C α atoms of the TM segment and within the angular region encompassing the span of the TM segment.
FIGURE S6
The energy cost due to hydrophobic mismatch as a function of the membrane thickness at the membrane-protein interface, the membrane thickness being expressed relative to that obtained from MD. Along the X-axis, X=0 corresponds to the thickness at the membraneprotein boundary from MD, and increasing thickness indicates increasing membrane deformation at the interface. Note that the changes in the membrane thickness along the X-axis were done keeping the pattern of membrane deformations at membrane-protein interface from MD, i.e., 
